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Turbulence intensity impact on
Windcube accuracy




Averaging method of RSD: timeline e e

== July 2017: different Windcube accuracy observed at
two different sites,

=2 End of 2017: Study on scalar averaging method for
RSD -> scalar averaging for RSD is biased in high
turbulence wind flow,

=2 2018 : Workshop at Vilnius to present outcomes and
discuss averaging methods with the Wind Industry.
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Example of sensitivity
to turbulence

2 All Windcubes behave the same: repeatability demonstrated in
“repeatability and stability of Windcube”, 2016.

Unit 625 Windcube
Classification at Georgsfeld Classification at Bremerhaven

VELEL m
name [% / uwv.]
Wind Shear [-1 -3.7
129.7 Turbulence Intensity [-] 16.9
Precipitation [%4] 0.009
Wind Shear [-] -1.1
99.7 Turbulence Intensity [-] 16.8
Precipitation [%] 0.012
Wind Shear [-1 -0.5
79.7 Turbulence Intensity [-] 17.6
Precipitation [%] 0.013
Wind Shear [-] -1.2
59.7 Turbulence Intensity [-] 18.0
Precipitation [%] 0.014

Unit 625 Windcube

8 Two last classifications: constant turbulence intensity sensitivity for

." different heights and sites.
=in= Aw.How toexplain the sensitivity to turbulence intensity?
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&8 Scalar averaging : bias of RSD in comparison to cup
anemometer

&8 Scalar averaging for Windcube : turbulence drives
the bias

== \/ector averaging : unbiased method
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bias of RSD
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Definition of wind for wind energy

== For power production, the main wind characteristics
used is the horizontal wind speed (in a certain range of
shear/Tl conditions generally). It is a 1D value.

== The cup anemometer measures a 1D value :
the horizontal wind speed. It does not take
into account wind direction.

\

== A monostatic remote sensor (such as y
Windcube) measures the wind 2D vector )°® N
'+ (u,v) and then calculate horizontal wind u

gt Speed,
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Intrinsic cup and RSD differences

== Over 10 minutes, the cup anemometer averages all
the measured 1D values to obtain the 10-minutes
averaged horizontal wind speed,

== The RSD averages the reconstructed horizontal wind
speed to obtain the 10-minutes averaged horizontal
wind speed.

Definition of wind Cup anemometer

) 10-min average of
Measured 1D: 10-min average: Measured 2D :

Scalar averaging s = u reconstructed
v /uZ 1L v2
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Link between RSD and cup
anemometer

== RSD DBS equations :

__ UnorthtUsouth Wnorth—Wsouth

" u =
2 2 tan @
.y = VwesttVeast , Wwest—Weast
2 2 tan @
1 1
== Over one scan (4 seconds), flow is non
uniform
" U= Ucenter T+ AU+ 2tang Ucenter T AU, W
Aw v (W/E)
"V = Veenter T Av + 2 tan @ = Vcenter T Av,w S
(] . : 1 \“
== The RSD horizontal wind speed is the < )6
" norm of the wind vector (u, v) (N/S)
"aEnnnm - y




Link between RSD and cup
anemometer: instantaneous

s 1D value extracted from the RSD wind vector

measurement :
u HWSRSD = Vuz + Uz
= H WSRSD = \/ (ucenter + Aur W)2+(vcenter + AU, W)Z

" HWSRSD = \/ucenter2 + vcenterz + (Au' W)2+(Av: W)2+2ucenterAur w + zvcenterAv: w

= Cup anemometer measures the wind at the center:

Biased distribution

HW Sgpgp = \/HWScupz @Av, W)2+2HW Sy, * (cos(8) * (Au, w) + sin(0) * (Av, w)

== The average of HW Sgp is higher than HW S,,,,, due

-EEEEE-:.-:-tPEhe-biased term and the characteristic /x2 + y2
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Conclusion part 1 S

22 \\/ind can be defined as the average of a 1D
measurement (cup) or a reconstructed 1D value from
2D measurement (RSD),

== Scalar averaging RSD differs from average of the 1D
cup wind speed because of flow non uniformity over
one scan period,

== The difference is statistically positively biased.
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turbulence drives the bias
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To simplify, we can only consider Au = T/\/\/\f

UnorthtUsouth
2 ucenter

Au has a null mean (uniformity over 10
minutes) and a variance of (hyp: non
correlated turbulence):
2 2

+ O-usouth +2 x O-ucenter

4

If uniform turbulence, variance of Au:

2
Ucenter

2
O-unorth

If non fully uncorrelated turbulence then
variance is expected to be lower.

usm>h\

o

L]

2 f‘
u wind speeds are not fully correlated
across the volume of scan
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Example of deviations

Deviation model:

HW Sgsp = \/HWScupz + (Au, w)%+(Av,w)2+2HW S,y * (cos(0) * (Au, w) + sin(8) * (Av, w))

Input for this example:
u = HWS * cos(0)

Direction variance =5° w=0 T1=10% Uncorrelated turbulence

v =HWS * sin(0)

T
0.1 : : : .
= — 0.03
& 0.05 ; %
o o . .
=0.02¢ Mean:1.15% -
% -0 0 10 20 30 £ E e
o C
06 et _8 — Q0.01-
©
=0.4 >
;Dt 1 | Q 0 —_
. ”L Q -100 50 0 50 100
. % 8 10 12 14 16 ) ngh frequency deviations to cup [%]
:=E.==-- EEE = ] H“VS[m/S]
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I RSD Monte Carlo simulation e

Monte-Carlo simulation

1000 realisations

Generation of Uand V@ 1hz

Calcul of Scalar Vh @ 10min equivalent (composed of 600 U
and V)

Calcul of relative deviation@ 10min

Relative
Deviation
per Tl

Relative deviation [%]

Relative deviation [Scalar-MAST]/MAST vs Tl
15 Range gate 99m

Relative deviation [Scalar-MAST]/MAST vs Tl
15 Range gate 120m

Relative deviation [Scalar-MAST]/MAST vs TI
15 Range gate 130m
= Model .
== Binned Relative deviation
Data - 130m

Relative deviation [Scalar-MAST]/MAST vs Tl
15 Range gate 134m
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== Binned Relative deviation =#= Binned Relative deviation =8= Binned Relative deviation
_1 | . Dala-s:!m | | _1 | . Dua-l?um : | | _1 | Dnla-l?lm ) |
L R C R C R S | I R TR S R S I R C S S

N
Tl [%] Tl [%] Tl [%]

Tl [%]

== Simulated deviation in ideal turbulence wind field (w=0, fully
uncorrelated turbulence)

== [t agrees well with cup deviations observed on site
= Scatter come from the correlation of turbulence and W (stability)
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Conclusion part 2 S

== The difference between average 1D cup
anemometer wind speed and scalar averaged RSD
wind vector is driven by turbulence of wind speed
and turbulence of wind direction,

== The bias is, among others things, composed of
spatial correlation of turbulence of horizontal wind
speed or vertical wind speed thus difficult to
calculate.
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Vector averaging

calculation
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== The wind can be considered
as.
= Vector : the 2D mean |(U, V)]
» OR Scalar : the 1D mean HWS

== |n case of turbulence: HWS
is higher than |(U, V)]

== Known results: Averaging the
vector is not sensitive to
variance of the U and V
unlike scalar averaging.

10-min scalar average overestimation

Points are couple of U and V measured over 10
minutes, red arrow are example of vector with the
HWS scalar value and green line is a constant HWS
value curve
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I Intrinsic cup and RSD differences

== The difference between scalar and vector averaging
for cup is not the same as the difference between
scalar and vector averaging for RSD

Definition of wind Cup anemometer

M d 2D : 10-min average of
: Measured 1D: 10-min average: castiic - reconstructed
Scalar averaging . — u u
v /uZ L v2
10-min average of
Measured 2D: reconstructed : MilEEEEE 2 - 10-min average of
Vector averaging HWS l . u reconstructed
0 (from wind vane) HWS = cos(6)< + 1% 52 + 32
HWS * sin(6)?
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Link between RSD and cup
anemometer instantaneous

== Lidar equations :

UnorthtUsouth + Wnorth—Wsouth

| u =
2 2tan @
. = VwesttVeast Wywest —Weast
2 2tan @

[ ] | .
== Over one scan (4 seconds), flow is
non uniform

" U= Ucenter T Au + > tAaV:I 9 Ucenter T
Au,w
Aw
" UV = Veenter + AV + > tanf Veenter T
Av,w

== The vector wind speed is the average
of the wind vector (u, v).
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To simplify, we can only

UnorthtUsouth
2

consider Au =

ucenter

Au has a null mean (uniformity
over 10 minutes) : Au =0

Ucenter T AU=Ucenter

The turbulence has no impact
on the mean value

u501>;\\ Ucenter Uy ort/

o

”‘f‘
u wind speeds are not fully correlated
across the volume of scan
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Expected accuracy of vector average = = = ==
HE .. . . «p e
== Since cup anemometer scalar value is little sensitive
to Tl, RSD vector averaging is closer to cup
anemometer scalar averaging
HWS = |u 24V s
RSDyeoctor — center center
Cup RSD Cup RSD
anemometer anemometer
Scalar
Y averaging
Scalar
Vector averaging
scalar averaging | N, v Vecto.r
c:vqraging - ~TTTTr ————— 5=/ averaging
B AL averaging Tl : 10%

WIND POWER )\ ‘ Workshop RSD averaging 20/08/2018 - 22 LEOSPHETE P




Scalar - Mast [%)]

== Comparison of scalar and vector averaging of RSD to
scalar average of cup confirms low sensitivity

Wind speed relative deviation at 134m
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Wind speed relative deviation at 134m
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B Conclusion I —

== Low uncertainty = Good LCOE

== Sensitivity of Windcube are understood : scalar
averaging sensitive to turbulence

&8 \/ector averaging: no Tl sensitivity.
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